The fracture behavior of unirradiated Zircaloy-4 containing either solid hydride blisters or hydrided rims has been examined for the contrasting conditions of equal-biaxial and plane-strain tensile deformation at three temperatures (25 o , 300 o , and 375 o C). Cold-worked and stress-relieved Zircaloy-4 sheet containing hydride blisters shows nearly identical failure strains in equal-biaxial and plane-strain tensile deformation for a wide range of blister or rim depths. In all cases, failure strains decrease rapidly with increasing hydride blister or rim thickness, especially in the ≤100 µm range. Test temperature has a significant effect on ductility with failure strains at 300 o and 375 o C being much greater than at room temperature. The results indicate that the ductility of material containing hydride rims/blisters greater than ≈ 30-40 µm deep is limited by crack growth, which occurs in a mode I manner at 25 o C but in a mixed mode I/II manner at ≥300 o C (and at higher failure strain levels).
Introduction
The normal operation of nuclear fuel in light water reactors results in degradation of the mechanical behavior of the fuel cladding due to a combination of oxidation, hydriding, and radiation damage. These degradation processes have been increasing steadily due to longer fuel residence times (higher burnup) and more severe fuel duty cycles. These higher levels of cladding oxidation and hydrogen pickup accumulated by the cladding may increase the likelihood of cladding failure during design-basis accidents. One such postulated design-basis accident is the reactivity-initiated accident (RIA). An RIA may be caused by the ejection of a control rod from the core, which causes a rapid insertion of reactivity and thermal energy in the fuel [2] and an accompanying increase in fuel temperature. The resulting fuel expansion and release of fission gases force the cladding into multiaxial tension.
Thus, the survivability of cladding when subject to an RIA after long reactor exposures depends on a combination of: (i) the mechanics of loading, (ii) the temperature at which the loading occurs, and (iii) the degree of material degradation during the preceding reactor exposure [2, 3] . While radiation-induced changes to mechanical properties, such as hardening, appear to saturate at relatively low damage levels [4, 5] , material degradation caused by hydriding continues to increase steadily. As a result, the level, nature, and distribution of hydrides are major factors in determining the survivability of high burnup cladding during an RIA. Because of the heat flux present in the reactor, hydride precipitates often form preferentially near the 
FIG. 1-A schematic illustration of a range of possible strain paths for thin-wall cladding deforming under a plane-stress condition (σ 3 = 0).
While the influence of multiaxial stress states and strain paths on the failure of ductile metals is well known, much less is known about the role of multi-axial loading on the hydrogen embrittlement of Zircaloy-4. Several studies have examined aspects of plane-strain failure behavior of hydrided Zircaloy-4 using the burst behavior of hydrided tubes [1, 6, 7] and notched specimens [8] [9] [10] [11] [12] . The most direct study of the influence of multiaxial strain path on the hydrogen embrittlement of hydrided Zircaloy is a room-temperature study based on recrystallized Zircaloy-4 sheet that contained a uniform distribution of hydride precipitates throughout the sheet thickness [13] . As discussed later, the results obtained in that study indicate a large decrease of ductility with both increasing hydrogen content and increasing degree of biaxiality of strain path. However, the sensitivity of Zircaloy ductility to multiaxial strain path and hydride distributions typical of high burnup cladding, such as when hydrides are concentrated in a rim or a blister near the cladding surface [11, 12] , has not been determined.
This study addresses the fracture behavior of Zircaloy-4 sheet containing solid hydride blisters, subjected to an equal-biaxial tensile deformation path, and fractured at either 25 o , 300 o , or 375 o C. As such, this research contrasts previous studies where either uniaxial or plane-strain deformation paths were used. The equal-biaxial behavior will also be compared to that under plane-strain tensile deformation of Zircaloy-4 in the form of both sheet and cladding tube containing either hydride blisters or rims of dense hydride particles. In so doing, this study is intended to bound the fracture behavior of cladding subject to a likely range of stress states/strain paths imposed on the cladding during an RIA event. While plane-strain ductility is becoming more common as a basis for a failure criterion for cladding undergoing an RIA, this study also provides insight into the validity of such a criterion if the cladding is forced into a deformation path with a significant biaxial component.
This study utilizes flat, cold-worked and stress-relieved (CWSR) Zircaloy-4 sheet, which has a crystallographic texture (and plastic anisotropy) similar to that of as-fabricated Zircaloy-4 cladding tubes. To induce equal-biaxial tensile deformation as in Fig. 1c without bending, we developed a new test procedure that relies on punch-stretch testing using a "flat-bottom" punch. These results are contrasted to the behavior of hydrided Zircaloy in the form of double-edge notched specimens (both sheet and cladding tube) in which the biaxial tension induces a near plane-strain tensile deformation path within the gauge section.
Experimental Procedure

Materials
For experimental ease, most of this study is based on the behavior of hydrogen-charged Zircaloy-4 sheet (obtained from Teledyne Wah-Chang). This is the same material used in a previous study [12] . The cold-worked, stress-relieved sheet (CWSR) was 0.64 mm thick and had an elongated grain structure with grains approximately 10 µm long and roughly 1-2 µm thick. As described elsewhere [12] , the sheet had strong crystallographic texture. Importantly, the Kearns factors [15] of this CWSR sheet (f N = 0.59, f R = 0.05, and f T = 0.31 in the normal, longitudinal/rolling, and transverse directions of the sheet, respectively) are similar to those reported for unirradiated CWSR Zircaloy-4 cladding tubes (0.58, 0.10, and 0.32, respectively) [16] if the hoop direction of the tube corresponds to the orientation transverse to the rolling direction of the sheet. Therefore, the texture of the Zircaloy-4 sheets used in this study is similar to the typical texture of Zircaloy-4 cladding tubes, i.e., the basal planes tend to align with their poles inclined approximately ± 30º away from the normal of the tube surface and oriented toward the transverse direction. [17] The tensile properties of the Zircaloy-4 sheet are also described in more detail elsewhere [18] . Compared to the tensile behavior of Zircaloy-4 cladding in the hoop direction, the sheet is about ≈120 MPa softer at room temperature and ≈100 MPa softer at 300°C when tested transverse to the rolling direction [19] . Both materials have similar plastic anisotropy values: for the sheet, the plastic anisotropy parameter R' (R' = ε width /ε thickness , where ε width and ε thickness are the width and thickness strains during uniform deformation in a tensile test) is such that R' = 2.2 at 25 o C and R' = 1.6 at 300 o C. The strain-hardening exponent of the sheet used in this study (n = dlnσ/dlnε = 0.01 at 25 o C to 0.03 at 300 o C) is significantly smaller than that of standard cladding (n ≅ 0.06 at 300 o C) [19] . In fact, the strain hardening behavior of this sheet material is similar to that of irradiated cladding [20] . As will be described later, a comparison of the sheet ductility with that of tubing under plane-strain conditions will show the sheet to be more ductile. This means that the absolute values of the strains measured here for sheet material should not be used to predict failure in cladding tubes.
A few results will be presented based on the behavior of CWSR Zircaloy-4 cladding tubes charged with hydrogen such that a dense layer of hydrides or hydride rim was present near the outer surface of the cladding. Details of that material are reported elsewhere [11] .
Hydrogen Charging
Hydrogen charging of the Zircaloy-4 sheet was performed by gas charging at 400°C using a Ni "window" whose geometry controlled the dimensions of the hydride layer (i.e., 3 mm diameter blister or continuous layer [12] ). The Ni coating was formed by vapor-depositing Ni in a vacuum chamber of total pressure of ≈ 1 × 10 -3 Pa. Hydrogen charging was performed by exposing the Ni-coated specimen to a gas mixture of 12.5 %H 2 /Argon at 2.1 × 10 7 Pa pressure for charging times ranging from 10-90 min at 400 o C (this is well below the stress-relief temperature used in annealing the sheet; no microstructure change was apparent). After charging, the specimen was cooled to room temperature at a rate of ≈ 40 o C/min. The equal biaxial specimens were subsequently annealed at 300 o C for 4 h to "stabilize" the hydride structure against any further changes during the 300 o C tests. The hydride microstructure after charging was examined using both light microscopy and scanning electron microscopy (SEM). Specimens were prepared for examination by mechanical grinding ranging from 240-1200 grit. The specimens were then etched up to 5 s with a 10 part-HNO 3 -20 part-H 2 O-1 part-HF solution to reveal the hydrides. The depth of the 3 mm diameter blister was roughly a linear function of the charging time, and cross-section metallography showed that the blister diameter corresponded to the Ni coating diameter. In addition, some hydrogen diffused throughout the sheet thickness to form discrete hydrides in the "substrate" region just beneath the hydride blister. Analysis of the hydrogen concentration beneath the hydride blisters show hydrogen contents in the range of 300-400 wt. ppm as the hydride rim increased in depth from 50 µm to >100 µm [12] .
Mechanical Testing
In earlier studies [19] we simulated plane-strain loading with a double edge-notched tensile specimen designed to introduce a biaxial stress state in the specimen center such that near planestrain tensile deformation is achieved (i.e., the minor strain component in the plane of the sheet is near zero, Fig. 1b ). For the Zircaloy-4 sheet material, the specimens used were 25.4 mm wide specimens (≈ 76 mm long) with two 4.75 mm diameter notches, each of which was 6.35 mm deep. In the case of the cladding tube specimens, the double edge-notch ring stretch specimens were used as described elsewhere [11, 19] . In both cases, failure initiated in the specimen center, where the deformation path is near the plane-strain condition.
To impose equal-biaxial tensile deformation for this study, we utilized a "flat bottom" punch stretch procedure in which sheet specimens are deformed under a balanced, equal-biaxial tensile deformation path [21] [22] [23] . In contrast with the hemispherical punch-stretch technique used in a previous study of hydrogen embrittlement of Zircaloy under biaxial tension [13] (where the specimens were subjected to a combination of bending and stretching), this technique does not cause bending during deformation. As shown in Fig. 2a , the punch, which has a circular crosssection, has a slightly concave bottom surface that allows the central section of the specimen to remain flat and free from contact with the punch during deformation, thus also avoiding friction effects. In this study, the steel punch had a diameter of 25.4 mm and was configured so that the central 10 mm of the specimen remained flat to the failure strains during stretching. The surrounding die had a 27 mm inner diameter and a 77 mm outer diameter; six bolts were used to provide hold-down pressure to avoid draw-in of the 58 mm diameter sheet.
Success of the in-plane, equal-biaxial stretch test requires the use of a second sheet with a central hole. The second sheet, which acts as a spacer and has the shape of a "washer," is located between the punch and the Zircaloy specimen, and it allows load transfer to the central region of the sheet specimen. Without the washer, the "friction hill" between the punch and specimen causes failure of the specimen as it contacts the punch at the punch radius. In our tests, the "washer" was a 0.6-mm thick alpha brass disk, with an 8 mm diameter hole in the center. As shown in Fig. 2a , the washer and specimen were clamped together in the die. To further promote load transfer to the central region of the sheet, a lubricant (molybdenum disulfide) was used in the brass-punch interface. Figure 2b shows the radial distribution of in-plane true plastic strain measurements performed after deformation of a specimen. The circular shape obtained for the strains verifies that the strain path is equal biaxial tensile deformation in the plane of the sheet over the central 8 mm of the flat central region of the specimens. Because of the plastic anisotropy of the material, an equal-biaxial strain path will be similar to but not identical with an equal biaxial stress state path. For the case where there is tight bonding between fuel and cladding during an RIA, the deformation of the material should be displacement-controlled, in which case equal-biaxial tension is the appropriate strain path for the cladding. C; a few ring-stretch tests on hydrided cladding tube material were also performed at 375°C using a procedure described elsewhere [11, 19] . For the plane-strain tests of sheet material, the orientation of the tensile axis was chosen to be in the long transverse direction of the sheet (normal to the rolling direction) in order to obtain deformation behavior similar to that of unirradiated Zircaloy-4 cladding tube when tested in the hoop direction. For experimental ease, tests were performed under the quasi-static strain rate of ≅10 -3 /s, compared to strain rates of 10 -1 /s to 1/s or higher anticipated in RIA conditions [14] . Recent room temperature results indicate no strain-rate dependence of failure strains of cold worked and unirradiated Zircaloy-2 cladding tubes with over 330 wt. ppm hydrogen [14] ; as described later, this level of hydrogen corresponds well to the hydrogen concentration within the cold worked Zircaloy-4 substrate beneath the hydrogen blister in our study. We note that the present quasi-static test conditions, failure occurs in ≤200 s from crack initiation within the blister, a time too short for delayed hydride cracking [24, 25] .
Failure strains for the equal-biaxial tests were measured using two distinct methods. The first method was based on thickness measurements at locations roughly 0.4-0.5 mm from the fracture surface within the blisters. This distance was chosen to avoid the localized deformation that occurred very close (except at very thin blister depths, ≤0.2 mm) to the fracture surface due (as will be discussed later) to crack growth. Using a measuring microscope at 15× to view the fractured sheet in profile, we determined the local thickness strain (ε 3 ) local at the onset of fracture using the relationship (ε 3 ) local = ln(t f /t o ), where t f and t o are the final and initial thicknesses, respectively. Assuming constant volume during equal-biaxial deformation, the maximum principal tensile strain at failure initiation is thus (ε f ) local = -(1/2) (ε 3 ) local . For a 0.6 mm-thickness sheet containing small cracks, distances of 0.5 mm or greater from the fracture surface avoid any localized thickness reduction due to the plasticity associated with the fracture process. Thus, as is common in studies of sheet metal failure [23] , the strain values determined in this manner indicate the strain level at the onset of failure. A similar procedure was used for plane-strain testing to determine a (ε f ) local value [12] .
A second failure strain determination was also employed. In the equal-biaxial test case, eight microhardness indentations were spaced equally in the matrix around the perimeter of the 3 mm hydride blister. The spacings between groups of the two indentations whose connecting line passed through the center of the blister were determined before and after specimen failure in a manner similar to that shown in Fig. 2 , except that the displacement across fracture surface was subtracted from the final spacing between the two indentations. As a result, four "in-plane" true strain values were determined across the failed blister in each test. These four far-field failure strain values (ε f ) far indicate the accumulated plastic strain averaged over a 3+ mm scale across and immediately adjacent to the blister just prior to failure. The experimental determinations of (ε f ) far were generally quite consistent in values. Also, as will be shown later, in most cases (ε f ) far ≅ (ε f ) local . The exception was at very small blister depths where extensive local necking caused the local failure strain value to be somewhat greater than the far-field failure strain value. Farfield strains at failure were also determined for the plane-strain tests of Zircaloy-4 sheet containing hydride blisters. Those (ε f ) far -values, which agree closely with the (ε f ) local -values reported elsewhere [12] , were based on the initial and final blister dimension, omitting the displacements across the fracture surface. The procedure for determining the (ε f ) far -values in the ring stretch tests relies on measuring distances between microhardness indentations and is described elsewhere [11, 19, 26] . A similar microhardness indentation procedure was used to determine (ε f ) far -values for the flat sheet specimens containing a solid hydride rim.
Results and Discussion
Hydride Microstructure
For the equal-biaxial specimens, the hydrogen gas charging procedure produced hydride blisters beneath the Ni coating, in the form of solid hydrides with depths within ± 5 % of reported values, as shown in Fig. 3 . These 3 mm diameter blisters had depths ranging from ≈25-150 µm. Within the substrate material beneath the hydride blister, individual hydride precipitates form as shown in the lightly etched microstructure shown in Fig. 3 . As shown in the following sections, these hydride precipitates tend to be aligned in the plane of the sheet, similarly to the circumferential hydride microstructures in Zircaloy cladding tube. Previous results from six different plane-strain specimens with hydride depths ranging from 50-175 µm show that the H concentration within the ligament increases from approximately 300 wt. ppm for the 50 µm blister depth, to approximately 400 wt. ppm for blisters with depths >100 µm. Comparison of hydride precipitate microstructures between the equal-biaxial specimens and the plane-strain test specimens indicate similar hydride characteristics within the substrate region, and thus we assume similar hydrogen concentrations in the substrate.
It is worth noting that the microstructure shown in Fig. 3 is similar to microstructures observed in Zircaloy-4 cladding after extended in-reactor operation. Specifically, solid hydride layers ≈ 50 µm and a concentration of discrete, circumferential hydride precipitates (hydride rim) were also present in irradiated Zircaloy-4 cladding tubes irradiated to a fuel burnup of 67 GWd/t (see Fig. 3 of Ref. [12] ).
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FIG. 3-Optical micrographs showing a cross-section of Zircaloy-4 sheet containing hydride blisters that are (a) 50 µm deep and (b) 150 µm deep. Note the hydride precipitates in the substrate beneath the blisters. The horizontal direction is parallel to the rolling direction.
The Influence of Blister Depth and Strain Path on Failure
Cladding loading during an RIA involves multi-axial stresses such that the resulting strain path is expected to range between plane-strain tension and equal biaxial tension, as depicted in Fig. 1 . For the case of plane-strain tensile deformation, previous research has shown that the thicknesses of both continuous hydride rims and hydride blisters have a strong influence on the failure of Zircaloy-4 [11, 12, 27] . Specifically, increasing the thickness of the hydride rim/blister decreases the ductility, especially for blister/rim depths of greater than about 100 µm [11, 12] .
Similar to plane-strain deformation failure behavior described above [11, 12, 25] , Fig. 4 shows that, under equal-biaxial tensile deformation, both far-field and local failure strains decrease rapidly with increasing hydride blister depth, with most of the decrease occurring at blister depths of less than about 100 µm. Both definitions of the failure strain show similar behavior. At least for this Zircaloy-4 sheet, a significant level of ductility ((ε 1 ) ebt ≅ 0.04) is retained at 25°C, even for blisters of depths ≅ 140 µm. Also as in the plane-strain case, the hydrided Zircaloy is significantly more ductile at both 300 o and 375 o C than at 25 o C, as measured by the maximum principal strain at failure. Thus, at 300 o C, the residual ductility at large blister depths is even greater, being of the order of (ε 1 ) ebt ≈ 0.08.
Relatively little is known about the influence of multiaxial deformation path on failure of hydrided Zircaloy. The single previous related study was confined to recrystallized Zircaloy-4 sheet containing a uniform distribution of hydride precipitates throughout the sheet thickness and tested solely at room temperature [13] . Those results indicate a large decrease of ductility with increasing degree of biaxiality of tensile deformation, especially at elevated hydrogen contents. For example, comparing the equal-biaxial fracture strains (ε 1 ) ebt to those obtained under planestrain tensile deformation (ε 1 ) pε , that study showed similar ductilities at low hydrogen contents (≅ 150 wt ppm where (ε 1 ) ebt ≈ (ε 1 ) pε ), but at the 615 ppm hydrogen level, the equal biaxial ductility was much less: (ε 1 ) ebt ≈ 0.4(ε 1 ) pε . The authors of that study [13] attributed the strain path effect to the ability of randomly oriented hydride precipitates, many along grain boundaries, to promote fracture along a multi-directional path characteristic of equal-biaxial tensile failure (see Fig. 6 ). However, the aligned hydride precipitate microstructure within the substrate beneath the hydride blister in the present CWSR material (Fig. 3) is not only much different than that in recrystallized Zircaloy, but it also suggests an increased fracture resistance under equal-biaxial tension. To compare the degree of embrittlement under equal-biaxial tension with that in plane-strain tensile deformation, Fig. 5 presents the far-field failure strain behavior for both conditions. The most striking feature of Fig. 5 is the similarity of failure strain values between the two strain paths to failure. A similar strain path comparison based on local failure strains also shows nearly identical behavior to that shown in Fig. 5 , with perhaps even closer agreement between the two sets of failure-strain values. Thus, the strain-path effect on ductility seen previously in recrystallized Zircaloy [13] is not reproduced, most likely due to the differences in hydride microstructures within the bulk of the material (specifically, the difficulty of the fracture path to link the aligned hydride particles within the substrate beneath the blister). Based on this data, we conclude that, with the possible exception of thin blister behavior at 25 o C, the failure of CWSR Zircaloy-4 containing hydride blisters is insensitive to strain path in the range of plane-strain to equal-biaxial tensile deformation. An important implication of Fig. 5 
The Fracture Process
Previous results indicate that the hydride blisters are brittle even at 400 o C [12] so that at strains near the yield strain of the Zircaloy substrate, the blisters crack. As shown in Fig. 6a and  6c , fracture of the brittle hydride blister in equal-biaxial-tensile deformation creates the characteristic "mud-cake" crack pattern in the plane of the sheet as the cracks form normal to the multi-directional orientations of the maximum principal stresses (i.e., σ 1 ≈σ 2 ) in the plane of the sheet. Measurements of the magnitudes of the crack opening displacements within cracked blisters shown in Fig. 6 confirm the brittle fracture within the hydride blisters even at 375 o C. Occasionally, the fracture initiation site within the hydride blister is quite obvious, such as in the example shown in Fig. 7 .
In contrast to the equal-biaxial case, plane-strain tensile deformation initiates relatively well aligned, planar cracks within the blister; as expected, the cracks are oriented normal to the maximum principal stress σ 1 (Figs. 6b and 6d ). An analysis of test specimens such as shown in Fig. 6 indicates that the crack spacing increases with blister thickness and with test temperature, as previously observed [12] . 
FIG. 6-Optical micrographs showing a comparison of crack patterns within hydride blisters in Zircaloy-4 sheet failed in either equal-biaxial (EBT) or plane-strain tensile deformation (Pε). Test temperatures and hydride blister depths are indicated. The horizontal direction is transverse to the rolling direction in the plane-strain tests; no systematic orientation dependence was detected in the equal-biaxial case. Note that (a) and (c) have different magnifications than (b) and (d)
, which are after Ref. [12] . As a consequence of the brittle behavior of the hydride blisters, the ductility of the Zircaloy-4 sheet is controlled by fracture of the ductile substrate beneath the cracked blister. As the substrate material strains plastically, the cracks within the blister become blunted. For hydride blisters with depths greater than about 30-40 µm, continued plastic straining initiates short cracks within the substrate at the base of blunted "blister" cracks, as shown in Fig. 8 . The material continues to deform in a plastic manner accumulating strain (and strain energy density), until a crack propagates through the sheet thickness. As a result, as indicated by the failure strains in Fig. 4 , tensile ductility is sensitive to crack depth, which is determined by the depth of the hydride blister. Importantly, these observations indicate that (for hydride blisters with depths >30-40 µm) the ductility of the Zircaloy is controlled by crack growth within the substrate beneath the cracked blister.
The nature of the crack growth process within the substrate depends on the temperature. During room temperature straining, blunted cracks within blisters with depths >30-40 µm, such as shown in Fig. 8a , initiate Mode I cracks within the Zircaloy substrate as fractured hydride precipitates form primary voids ahead of the crack-tip; a good example of this process is shown in Fig. 7 of Ref. [12] . Failure at room temperature eventually occurs by the growth of a mode I crack on a plane roughly normal to the specimen surface and therefore also normal to the maximum principal stresses in the plane of the sheet. This fracture process creates the fracture profile shown in Fig. 9b . Significantly, at least for the case of plane-strain tensile deformation, the failure strains can be predicted with reasonable accuracy using an elastic-plastic fracture analysis for the growth of a Mode I crack [12] . At elevated temperatures (300 o C and 375 o C), the hydride-blister cracks undergo extensive crack-tip blunting as the substrate deforms to higher levels than at room temperature (Fig. 4) . As shown in Figs. 8b, 8c , and 8d, the comparative high level of deformation creates nearly flat bottom cracks that eventually initiate short mixed mode I/II cracks. The consequence is that for all of the hydrided Zircaloy-4 at 300 o and 375 o C, as well as for material with thin (<30-40 µm) blisters at room temperature (or unhydrided material), the eventual fracture plane is a macroscopic plane inclined at ≈ 45° through the thickness, as shown in Figs. 9a, 9c, The above observations indicate that at both 300 o C and 375 o C, ductility is limited by the onset of mixed Mode I/II shear crack growth through the sheet thickness. Critical to this elevated temperature failure process is the increased resistance to growth of the Mode I cracks that initiate within the brittle blister. Material failure then eventually occurs at significantly higher levels of "ductility" (than at room temperature) by the eventual propagation of the mixed Mode I/II crack for which a high level of shear deformation is essential. This condition is known to be promoted by through-thickness plane-stress loading (i.e., plastically deforming thin sheet or cladding) in a material that is resistant to Mode I crack growth and possesses low strain and strain-rate hardening capacity. All of these conditions are met, especially at 300 o C and 375 o C where the ductility of the embedded hydride precipitates resists the damage accumulation necessary for Mode I crack growth [7, 12, 28] .
These present results for the failure strains of the hydrided Zircaloy-4 sheet may be compared with the plane-strain ductility behavior of Zircaloy-4 cladding tube using a ring-stretch test procedure [11] . Based on the thickness of either the hydride blister or the rim of concentrated hydride particles, Fig. 10 shows such a comparison by normalizing the failure strains to the corresponding failure strain if no hydride blisters are present. The normalization procedure takes into account the significantly higher level of intrinsic ductility in the sheet material. From the graph it is seen that at 300 o C both cladding tube and sheet follow roughly the same trend, with perhaps a greater sensitivity to hydride rim depth in the ring-stretch cladding-tube specimens. However, at 375 o C, the normalized failure strains of cladding tube are considerably higher, especially at hydride rim depths of 150-200 µm. These results indicate a significant temperature effect with increased ductility at the higher temperature. Comparing failure under equal biaxial tensile deformation with that under plain-strain tension, Fig. 10 shows generally similar ductility behavior with the plane-strain case appearing slightly less ductile at 300 o C. The data confirm that the equal-biaxial tensile deformation is not more penalizing to ductility than the plane-strain path. [11] , which also describes the corresponding hydride microstructure.
Conclusions
Zircaloy-4 sheet containing solid hydride blisters has been fractured under equal-biaxial tensile deformation utilizing a punch-stretch test procedure at 25 o , 300 o , and 375 o C. The resulting ductility behavior and underlying fracture process has been contrasted to that of Zircaloy-4 sheet and cladding tube containing either a hydride blister or a hydrided rim but subjected to plane-strain deformation. Taken as a whole, these experimental observations indicate a crack-growth fracture process that is sensitive to the presence of hydride blisters/rims in a manner that is a complex interaction among: (a) the depth of the blister/rim (which dictates the depth of the initial crack), (b) the deformation response of the substrate beneath the blister/rim, and (c) the resistance of the substrate to eventual growth of either Mode I crack or mixed Mode I/II crack. Thus, the ductility of hydrided Zircaloy in the range of plane-strain to equal-biaxial tensile deformation may be understood as follows:
1. Failure occurs as a result of a strain-driven process in which the brittle hydride blister initiates Mode I cracks (to a depth equal to that of the blister) at roughly the yield strain of the ductile substrate beneath the blister. Subsequent deformation causes crack-tip blunting, the extent of which increases at elevated temperatures. At room temperature, blunted cracks within blisters with depths ≥ 30-40 µm initiate short Mode I cracks within the substrate beneath the blister, and one of these cracks subsequently propagates as the material fractures on planes normal to the sheet surface. At elevated temperatures (300 o C and 375 o C), increased resistance to Mode I crack growth within the substrate causes extensive blunting of the hydride/blister cracks. As the strain increases, the highly blunted "blister" cracks eventually initiate mixed mode I/II cracks that subsequently propagate to cause fracture on a plane inclined roughly 45 o to the surface. 2. The increased resistance to Mode I crack growth at elevated temperature results in a marked sensitivity of ductility to temperature such that hydrided Zircaloy-4 sheet and cladding tube is significantly more ductile at elevated temperatures (300 o and 375 o C) when compared to room temperature, as seen in Figs. 4 and 5. 3. The observed failure strains decrease with increased depth of the hydride blister/rim, as expected from a crack growth process. The crack-growth failure process appears to be driven by the maximum principal strain such that the failure strains in equal-biaxial tension are similar to those in plane-strain tensile deformation. Thus, at least for the hydrogen levels within the substrate in this study, the strain path has relatively little influence on ductility at a given hydride blister depth in the range between plane-strain and equal-biaxial tensile deformation.
